The cationic amphiphilic antimicrobial peptide gramicidin S (GS) is an effective antibiotic. Its applicability is however restricted to topical infections due to its hemolytic activity. In this study, the process of GS induced hemolysis was investigated in detail for the first time. The morphological changes of red blood cells (RBCs) inflicted by GS were visualized and explained in terms of a physical model. The observed fast rupture events were further investigated with giant unilamellar vesicles (GUVs) as model systems for RBCs. Measurements of membrane fluctuations in GUVs revealed that the membrane surface tension was increased after incubation with GS. These findings are in agreement with the hypothesis that amphiphilic peptides induce membrane rupture by an increase in membrane tension.
Introduction
The amphiphilic decapeptide gramicidin S (GS, Fig. 1 ) is a cationic antimicrobial peptide that kills Gram-positive bacteria, but is less effective against Gram-negative strains [1] . In combination with an antibiotic targeting Gram-negative bacteria, GS has proven to be an effective antibiotic to treat topical eye and ear infections for more than 50 years [2] . GS does not interact with a specific bacterial gene product but disrupts the bacterial membrane. One key feature in the membranedisrupting ability of GS is its amphiphilic, detergent-like, secondary structure having amino acid residues with positively charged sidechains positioned on one side of the molecule complemented by residues with hydrophobic side-chains on the opposing side (see Fig. 1 ) [3] [4] [5] [6] [7] [8] [9] [10] [11] . The positively charged side-chains are thought to have electrostatic interactions with the negatively charged lipids of the bacterial membrane, followed by insertion in the bilayer to maximize hydrophobic interactions [3] . The insertion of a cationic antimicrobial peptide such as GS in the bacterial lipid bilayer is accompanied by membrane thinning [4] . Subsequent disruption of the bacterial lipid bilayer was suggested to involve pore formation [5, 7, 12] .
The study presented here is focused on the hemolytic activity of GS, which severely limits the peptide's application range. Understanding the hemolytic process [5] in detail may lead to important clues to the design of less toxic analogs. As shown below, GS caused hemolysis already at low μM concentrations (Section 3.1.1). Red blood cells (RBCs) were found to undergo a distinct sequence of morphological changes (Section 3.1.2) which were interpreted with a physical model (Section 3.1.3). Since the RBCs assumed the shape of spherocytes just prior to rupture, GUVs were used to model the rupture process (Section 3.2.1). Finally, the bending rigidity and membrane tension of GUVs were determined from measurements of membrane fluctuations (Section 3.2.2). The observed increase in membrane tension was consistent with the hypothesis that expanding membrane pores were responsible for membrane rupture.
Materials and methods

Gramicidin S
GS was synthesized following a sequential solid phase synthesis protocol [13] using an Applied Biosystems ABI 433A automated peptide synthesizer on a 200 μmol scale. The Fmoc/Boc protection strategy was followed. The amino acids and coupling reagents were purchased from Novabiochem, and solvents were obtained from Biosolve and used as received from the supplier. LC/MS analyses were performed on a Jasco HPLC-system coupled to Perkin Elmer Sciex API 165 mass instrument with a custom-made electrospray interface. An analytical Alltima C 18 column (4.6× 250 mm, 5 μm) was used in combination with buffers A: H 2 O; B: MeCN; and C: 0.5% aqueous trifluoroacetic acid. HPLC purification of GS was conducted with a BIOCAD "Vision" automated HPLC System (Perceptive Biosystems, Inc.) equipped with a preparative Phenomenex C 18 column (Phenomenex, 21 × 150 mm, 5 μm). The applied buffers were A: H 2 O; B: MeCN; and C: 1% aqueous trifluoroacetic acid, giving GS as its TFA salt in high purity. The spectral data matched those from literature [13] . 
. Preparation
Freshly drawn, heparinized blood was centrifuged for 5 min at 300 rpm. After removing the plasma and the buffy layer containing white blood cells and platelets, the RBCs were washed three times with PBS and stored at 4°C. The cells were used for about one week.
Dose-response curve
125 μl of RBCs diluted with PBS was transferred to Eppendorf tubes and incubated with 0, 5, 10, 15 and 20 μM of GS, 1% Triton X or 10% v/v ethanol/water, which was the solvent for 20 μM GS. The detergent Triton X is known to cause complete hemolysis and therefore served as a positive control. The RBCs sedimented quickly at the bottom of the tubes. 100 μl of the supernatant was diluted 10 × with PBS and the absorption spectrum of the resulting solution between 300 nm and 600 nm was measured with a spectrophotometer (UV-1700 Pharmaspec, Shimadezu, Japan). The absorbance at 415 nm, which corresponds to the absorption maximum of hemoglobin, was taken as a measure for the extent of hemolysis.
Imaging
300 μl of RBCs diluted with PBS was placed in a custom-made sample holder. The PBS was complemented with 0.5% BSA to avoid the "glass effect" [14] , which causes RBCs to crenate (i.e., to take the shape of echinocytes) in the proximity of a glass surface. The RBCs were imaged with an inverted wide field microscope (Axiovert 40 CFL, Zeiss, Germany) equipped with a 100× oil-immersion objective (NA = 1:4, Zeiss, Germany) and a CCD camera (WAT-902H ULTIMATE, Watec, Orangeburg, USA) connected to a frame grabber (PCI 1405 single channel, National Instruments, USA). The frame grabber was controlled by a homemade LabView program.
GUVs
Electroformation
GUVs were produced by electroformation using a modified version of the protocol introduced by Angelova et al. [15] . Briefly, lipids dissolved in 9:1 chloroform/methanol were dried under a stream of nitrogen on a glass slide coated with indium tin oxide (ITO). The electroformation chamber consists of this ITO-coated glass, another ITO-coated glass and a polydimethylsiloxane (PDMS) spacer with a thickness of ≈ 3 mm sandwiched in between. A circular opening of the PDMS spacer around the dried lipids was subsequently filled with the buffer to be contained inside the vesicles. Application of an AC voltage (3.3 V peak to peak, 10 Hz) over night resulted in the formation of GUVs with typical diameters of 10-100 μm. Subsequently, GUVs were harvested, stored at 4°C and used for several weeks. The buffer enclosed in the vesicles was a 230 mM sucrose solution. For the measurements of the dose response curve and the size distribution (see below) the buffer was supplemented with 6.34 μM Alexa 488 (Invitrogen, Breda, Netherlands). The vesicles were composed of only DOPC lipids (dose-response curve and size distribution experiments) or 99.5% DOPC and 0.5% Rhodamine-DOPE. 1,2-dioleoyl-snglycero-3-phosphocoline (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl) (Rhodamine-DOPE) were purchased from Avanti Polar Lipids (Alabaster, USA).
Imaging
10 μl of vesicle-containing solution (harvested from the electroformation chamber) was added to 100-300 μl of a 230 mM glucose solution in a custom-made sample holder. When necessary, GS or CaCl 2 were premixed with the glucose solution before addition of the vesicles. The difference in density between the sucrose and glucose solution leads to sedimentation of the vesicles within ≈ 15 min. The GUVs were imaged with the setup used also for the RBCs (see above). To excite fluorescence of the Rhodamine-DOPE or Alexa 488, samples were illuminated continuously by a mercury lamp (HBO 50, Zeiss) and suitable excitation filters. The fluorescence signal was collected using appropriate dichroic mirrors and emission filters.
Dose-response curve and size distribution
Eppendorf tubes were filled with 100 µl of 230 mM sucrose solution and 20 μl of GUVs containing Alexa 488. Subsequently, various concentrations of GS (0, 1, 2, 3, 5, 7.5,10 μM) and CaCl 2 (0, 0.2, 0.4, 0.6, 1, 5, 10 mM) were added. The solutions were left for about 20 min, after which 50 μl of the solution was added to 250 μl of a 230 mM glucose solution in a custom-made sample holder. After sedimentation of the vesicles, about 100 images were taken of each sample. Three hours later the measurement was repeated with 50 μl of the remaining GUV solutions. The big difference of Alexa 488 concentration between the inside and the outside of the vesicles lead to a high image contrast, which made it possible to automatically detect the GUVs. The number and size of the GUVs in every image were automatically determined using MATLAB and a homemade script, which was previously used to identify lipid domains in GUVs [16] . Briefly, fluorescent background is removed by a high pass Fourier filter and the image is converted from grey scale to a binary image by thresholding. Finally, GUVs are identified using standard MATLAB image analysis routines. The average number of GUVs per image and the number of GUVs with a diameter N 15 μm was calculated for every concentration and incubation time.
Fluctuation analysis
GUVs composed of 99.5% DOPC and 0.5% Rhodamine-DOPE were transferred to a 230 mM glucose solution. 30 μM Tween 20 was added to the solution to decrease the GUVs' internal pressure. To measure the material parameters of the membranes, short movies of about 3 min at 5 frames per second (and thus approximately 1000 frames) were made of at least ten individual GUVs. These movies were analyzed by a homemade MATLAB routine which traces the vesicles' contours in every frame with a radial accuracy of typically 50-100 nm. From these Fig. 1 . The X-ray structure of GS ((cyclo-Pro-Val-Orn-Leu-dPhe)2) [10] showing its four intra-molecular hydrogen bonding interactions (top view without side-chains for clarity reasons) and its amphiphilic characteristics, in which the hydrophobic side-chains of the Val and Leu residues are on one side of the molecule and the positively charged side-chains of the two Orn residues on the opposing side (side view).
contours, the spectra of out-of-plane membrane fluctuations were calculated. Fits of a theoretical description of these fluctuation spectra to the measured data resulted in values for the bending rigidity κ and surface tension σ of the vesicles in the absence or presence of 1 μM GS. Details about the procedure can be found in [17] .
Results and discussion
Effect of GS on RBCs
Hemolytic activity
The applicability of GS is restricted to topical infections due to its hemolytic activity. Fig. 2 shows that GS caused hemolysis of RBCs at low μM concentrations. The degree of hemolysis was measured by the amount of hemoglobin released from RBCs.
The observed hemolysis on the time scale of hours therefore could have been either due to a gradual, slow leakage of hemoglobin from all RBCs or from fast disruption of single RBCs. Direct microscopic observation of single RBCs during hemolysis revealed which of these two mechanisms actually took place. Fig. 3 shows that the RBCs exhibited an intriguing sequence of shape transformations when exposed to 20 μM GS. Starting from the natural discocyte shape, RBC morphology exhibited the sequence echinocytediscocyte-stomatocyte-discocyte-spherocyte-ghost ( Fig. 3A-G) , see also Supplementary Movie 1. The very first stage of this sequence has been observed earlier by Katsu and co-workers [5] . The loss of contrast from Fig. 3F to G corresponded to the release of the hemoglobin content of the RBCs, which was completed within tens of seconds. This time scale is consistent with fast, complete rupture of the RBCs, as can be seen from a rough estimation of the diffusion time. If the rupture of the RBC membrane was instantaneous, the time scale for the loss of contrast would be determined by the diffusion coefficient D of hemoglobin. Given D ≈ 10 μm 2 /s for hemoglobin in RBCs [18] and a cell diameter d of ≈ 10 μm, the time scale t d for draining of the cell is
Shape transformation and lysis observed directly
so t d ≈ 2s, which has the same order of magnitude as the observed time scales. Consequently, a gradual leakage of hemoglobin could be excluded.
For all experiments on the RBC shape transformations gramicidin S was dissolved in water. When the cells were treated with gramicidin S dissolved in ethanol they exhibited similar shape transformation but it took only minutes for the cells to become crenated and only about 3 h until complete hemolysis (data not shown). This observation seemed to suggest that ethanol had a supportive effect on the hemolytic action of gramicidin S. However, in agreement with earlier studies [19] , ethanol turned out to be a crenating agent on its own: minutes after incubation in ethanol only the RBCs transformed to echinocytes (data not shown). Since it was impossible to separate the effect of the solvent from the effect of gramicidin S those experiments were not considered further.
In the following section a model for the shape transformation is presented. This model could explain the observed shape changes by a minimal physical mechanism without the necessity to invoke specific interactions between GS and cellular proteins.
A tentative model for GS-induced RBC shape transformations
Historically, amphiphilic agents, like GS, were classified into 2 groups based on their effect on RBC shape [20] : compounds which induce the formation of echinocytes and those which give stomatocytes. While the first group contains only anionic or neutral compounds, the second group is comprised of cationic agents. Remarkably, this clear influence of charge on the behavior of amphiphilic compounds could be explained in terms of a physical model, the bilayer coupling model [21, 22] . This model relates RBC shape transformations to differences in the area Δ A between the two leaflets of the membrane bilayer. While Δ A =0 corresponds to the normal, discocyte shape of RBCs, the cells turn into echinocyte when the outer leaflet gets bigger than the inner leaflet (Δ A N 0). In the opposite case (Δ A b 0), RBCs become stomatocytes. The effect of amphiphilic compounds could be understood in terms of the bilayer coupling model because those compounds adsorb to a membrane bilayer at the hydrophilic-hydrophobic interface, thereby expanding the membrane leaflet area (membrane thinning) [23] [24] [25] . If the amphiphilic agent adsorbs to the outer membrane leaflet, the bilayer coupling model predicts the formation of echinocytes; if the compounds accumulates in the inner leaflet, RBCs are expected to turn into stomatocytes. A preference for one of the leaflets of the RBC membrane is to be expected due to the difference in charge between the leaflets. The inner leaflet contains more negative lipids [26] (p. 590) and consequently cationic compounds accumulate in this leaflet. Correspondingly, anionic or neutral compounds adsorb preferentially to the outer leaflet. In conclusion, the bilayer coupling model explains the effect of amphiphilic compounds by their membrane area expanding action and their charge-related preferential accumulation in one of the leaflets.
As shown above, GS did not behave according to one of the two groups of amphiphilic compounds, since it caused a sequence of shapes comprising echinocytes and stomatocytes. Still, the bilayer coupling model provided a consistent explanation for the observed shape transformations, which is illustrated in Fig. 4 .
First, GS adsorbed to the membrane of an RBC with discocyte shape (Fig. 4A ) and expanded the outer leaflet, leading to Δ A N 0 and the transformation of the RBC to an echinocyte (Fig. 4B) . The following observed shape (discocyte, see Fig. 4C )) implied that the peptide transiently equilibrated between the two leaflets, resulting in Δ A =0. The GS might translocate to the inner leaflet by a flip-flop mechanism or the formation of transient pores.
As the inner leaflet of an RBC contains more negatively charged lipids than the outer leaflet [26] (p. 590), GS accumulated in the inner leaflet due to its double positive charge. Because of the resulting higher concentration of GS in the inner leaflet, the area of that leaflet was expanded compared to the inner leaflet, resulting in Δ Ab 0 and a stomatocyte shape of the RBC (Fig. 4D) . When the inner leaflet was saturated with GS, the outer leaflet filled up with the peptide as well, resulting once again in ΔA=0 and discocyte RBCs (Fig. 4E) . Although not depicted explicitly in Fig. 4 the cytoskeleton of the RBCs played an important role in the observed shape transformations. It was shown earlier that the bilayer-coupling model requires the existence of an elastic membrane skeleton coupled to the membrane for a difference in membrane leaflet area to cause the characteristic shape transformations [22] .
The subsequent transformation of the RBCs to spherocytes (Fig. 4E ) was beyond the scope of the bilayer coupling model, but could be explained by an increase in membrane tension: it is known that certain amphiphilic peptides [27] increase the membrane tension and thereby the membrane's tendency to minimize its surface area. The observed morphology change of a (flat) discocyte to a spherocyte (Fig. 3E to F) could be related to this effect: a spherical shape minimizes the surface area for a given fixed volume. An increased membrane tension could also explain the final step in the sequence of RBC shape transformations.
Membrane pores originating from defects rapidly expanded in the presence of high tension [28] , so RBCs ruptured to become ghosts, devoid of hemoglobin (Fig. 4F) .
At this point the model presented here, though in agreement with the observed macroscopic phenomena, can only be tentative since independent experimental evidence is required to verify the various stages and elucidate the underlying molecular mechanisms. The following sections of this manuscript zoom in on the very last step, the rupture of spherocytes. Since the complexity of the RBC membrane rendered the identification of the rupture mechanism difficult, GUVs were used as models for spherocytes. GUVs have been used successfully in the past as model systems to study the effect of antibiotic peptides on membranes [29] [30] [31] . 
Effect of GS on GUVs
Rupture and spreading
GUVs composed of DOPC and filled with the fluorescent dye Alexa 488 were incubated with GS. GUVs were found to rupture only minutes after addition of the compound (see also Supplementary Movie 2a). Fig. 5 shows the rupture of a single GUV in time (see also Supplementary Movie 2b). Leakage of Alexa 488 from GUVs could have resulted from stable pores induced by GS. However, the time scale for complete dispersion of Alexa 488, typically several seconds, was consistent with complete, fast disintegration of the membrane. Alexa 488 has a diffusion coefficient of D=430 μm 2 /s in water [32] . For the vesicle shown in Fig. 5 with a diameter d≈100 μm the time scale t d for draining the vesicle by diffusion is therefore ≈4s, see Eq. (1), which is comparable to the observed time. At none of the used concentrations of GS (0.5 μM-10 μM) was a slower, gradual leakage of Alexa 488 observed. Consequently GS caused -as in the case of the RBCs -fast, complete rupture of the GUV membrane. These observations confirmed earlier studies which showed that GS permeabilizes the membrane without the formation of stable pores [33] . For the experiments presented here it could not be excluded that GS induced stable pores smaller than the size of Alexa 488 (≈14 Å [34] ). Indeed, in crystals GS forms helical channels of 4.7 Å radius [10] . If such channels formed also in the membrane, Alexa 488 could most probably not pass through. This fact did not diminish the applicability of our model system to the mechanism of GS induced hemolysis. Hemoglobin has a diameter of ≈56 Å [18] , so any pores too small for Alexa 488 to traverse would presumably also not allow the transport of hemoglobin. Such pores, although irrelevant for the primary rupture mechanism, might still play an important role by facilitating the translocation of GS [27] . In analogy to the pore forming gramicidin A [35] they might also be relevant for the antibiotic action of GS.
In contrast to RBCs GUVs did not exhibit any observable shape transformations prior to rupture. The reason for that lied in the absence of any internal structure of the GUVs. As already mentioned above the bilayer-coupling model requires the existence of an elastic membrane skeleton coupled to the membrane to reproduce all observed RBC shapes [22] . Additionally, GUVs produced by electroformation have initially a high membrane tension [36] , evident in the perfectly spherical shape, and no access area available for shape transformations. These characteristics made GUVs suitable models for spherocytes.
The observation of GUVs with a fluorescent membrane provided more evidence for the suggested fast rupture mechanism. Fig. 6(top) shows the time course of a typical rupture event of a GUV exposed to GS. In the depicted GUV, a pore opened (indicated by the arrow in Fig. 6 (top)) on a time scale of 10's of milliseconds and the GUV released a small vesicle trapped inside, see also Supplementary Movie 3. Subsequently, the GUV collapsed and the bilayer spread on the glass surface in a much slower process taking typically 10's of seconds.
While isolated GUVs ruptured and spread on the glass support, groups of vesicles were found to adhere strongly to each other in the presence of GS, see Fig. 6(down) . This observation triggered the hypothesis that GS caused vesicle rupture by increasing the adhesion between membrane and glass, and consequently increasing membrane tension. Since GS has a double positive charge, it might have screened repulsive interactions between charged groups on the glass and the dipole moment of the lipids. Ca 2+ is thought to facilitate the creation of supported bilayers from vesicles by this mechanism [37] . However, a comparison of the dose-response curves for the lysis of GUVs by GS and Ca 2+ , see Fig. 7 , revealed a significant difference between the actions of these molecules. While GS was effective at 1 μM, a 1000-fold higher concentration of Ca 2+ was needed to cause vesicle rupture. The effect of GS could therefore not be ascribed solely to the charge of the compound and the increased adhesion to the glass support.
In agreement with earlier observations [38] , the rupture of GUVs was typically found to be asymmetric, starting from a single point (see Fig. 6 for an example). This observation suggested that GUVs ruptured by formation of a pore which rapidly expanded in the presence of finite membrane tension. As already mentioned above, the insertion of amphiphilic peptides increases the membrane tension, which is accompanied by a thinning of the membrane and an expansion of membrane surface area [27] . This effect has been demonstrated experimentally for helical peptides, like melittin [30] , and GS [39] . Measurements of membrane fluctuations described in the following section indicated directly that GS also caused an increase in membrane tension.
Increase in membrane (surface) tension
As shown above, GUVs produced by electroformation already had a high membrane tension and ruptured after exposure to low μM concentrations of GS. To reduce the membrane tension prior to the observation of membrane fluctuations, 30 μM Tween 20 was added to the solution to decrease the GUVs' internal pressure. Tween 20 is a common detergent used to solubilize membrane proteins. At low concentrations, less than the 'critical micellar concentration' (60 μM), it enhances the lifetime of transient membrane pores by reducing the line tension [40] . Incubation with Tween 20 increased the number of GUVs with visible membrane fluctuations, which allowed the measurement of the surface tension σ and the bending rigidity κ from these fluctuations (see also Supplementary Movies 4a and b) . In the microscope, the out- For an infinite, two-dimensional, flat membrane in thermal equilibrium, the spectrum of out-of-plane fluctuations is
where k B is the Boltzmann constant, L = 2πR and R is the vesicle radius. This spectrum follows from the Canham-Helfrich energy [41] and the equipartition theorem, assuming periodic boundary conditions with period L. For small q, so for large wave lengths, the spectrum is dominated by the surface tension σ, while for large q, so short wave lengths, or in the absence of tension, the form of the spectrum only depends on the bending rigidity κ. Due to the finite camera integration time, the measured fluctuations are in fact temporal averages of the real fluctuations, which complicates the spectrum. The complete functional form of the spectrum and its derivation can be found in [17] . A fit of a theoretical model for the expected fluctuation spectra [17] resulted in values for the surface tension σ and bending rigidity κ [17] . . Surprisingly, the bending rigidity remained constant within experimental accuracy. Theoretical calculations predict an increase in bending rigidity if amphiphilic peptides are adsorbed to the bilayer [42] . The membrane tension, on the other hand, was significantly increased due to GS exposure. Such an increase in tension might promote the expansion of a pore, which would lead to rupture.
Conclusion
In conclusion we have presented the shape transformation of RBCs upon exposure to GS and suggested a purely physical interpretation based on the bilayer coupling model. Similar morphology changes were observed with the helical amphiphilic peptide melittin [43] . Despite the structural difference of GS and melittin, their effect on the RBC shape was comparable (see also [5] ), which suggests that the observed hemolytic process is generic for amphiphilic peptides and independent of the structure of a particular peptide. We have furthermore zoomed in on the last stage of hemolysis, the rupture of spherocytes, which were modelled by GUVs. Most importantly, the membrane tension was determined from thermal membrane fluctuations and found to increase upon incubation with GS. These observations were in agreement with earlier studies with other amphiphilic peptides [27, 30, 31] . In the literature, there is a controversy whether GS disrupts membranes by pore formation [5, 7, 12] . Of importance is not only whether pores are formed, but in which stages of the membrane disruption process. The observations described here lead to the hypothesis that GS did not form stable pores due to the presence of a finite membrane tension. This tension overcompensated the tendency of the pore to close [27, 28] , which lead to expansion of the pore and complete rupture. Why GS is different in this respect from other peptides, which indeed form stable pores, is at present still unclear. The exact nature of the mechanism and the dynamics of pore formation of GS and related peptides will be unravelled with the help of single-molecule fluorescence experiments in mammalian and bacterial cells.
